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Abstract We investigate scalar spectra in a Hele-Shaw cell, where mixing is achieved through chaotic advection. Even though the
flow is almost 2D (the dependance in z is parabolic velocity profile), we recover features found numerically in 3D chaotic advection,
that are also similar with what one would expect in a turbulent flow: a −1.1 power-law behavior is found at intermediate scales, while
the spectrum decays exponentially at the smallest scales at which diffusion is effective. Moreover, a scaling in Pe−1/2 (therefore in
Sc−1/2) is found, which is consistent with the scaling of the Batchelor scalar dissipation scale.
INTRODUCTION
Measuring the Batchelor scalar scale at high Péclet (or Schmidt) number in a turbulent flow is experimentally almost out
of reach since it is much smaller than the Kolmogorov velocity scale. It has been suggested that the mechanism that brings
large scalar scales down to the Batchelor dissipation scale in chaotic advection may be interpreted as a manifestation of
Lagrangian random strain, consistent with the cascade from the Kolmogorov scale down to the Batchelor scale in turbulent
flows [4]. We investigate here experimentally scalar spectra obtained with a periodic chaotic flow in a Hele-Shaw cell,
and expect to recover a behaviour similar with what is expected in a turbulent flow at wavenumbers higher then 2πη .
EXPERIMENTAL APPARATUS
Mixing is achieved using a Hele-Shaw cell (Figure 1a) of dimensions 50 × 50 × 4 mm3. Chaotic advection is obtained
using a time-periodic protocol [5] illustrated in Figure 1b. Alternated crossed injections are carried out with two peristaltic
pumps. PLIF method is used to follow scalar evolution consisting in fluorecein dye or colloids labeled with fluorescent
dye, introduced at t = 0 inside the Hele-Shaw cell.
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Figure 1. a: Sketch of the experimental setup. b: Time-periodic protocol and example of dye visualization.
RESULTS AND DISCUSSIONS
The scalar spectra are obtained thanks to a two-dimensional discrete Fourier transform, corrected with Hanning window
method. The characteristics of mixing depend on the Péclet number:
Pe =
LU
D
(1)
10
−2
10
−1
10
0
10
1
10
2
10
−10
10
−8
10
−6
10
−4
10
−2
10
0
10
2
k/2π (mm−1)
E
k
(k
)
 
 
Fluorescein: 1 ml.min
−1
 96 s
Fluorescein: 2 ml.min
−1
 48 s
Fluorescein: 3 ml.min
−1
 32 s
Fluorescein: 4 ml.min
−1
 24 s
Colloids: 0.5 ml.min
−1
 192 s
Colloids: 3 ml.min
−1
 32 s
a
10
−3
10
−2
10
−1
10
0
10
1
10
2
10
3
10
−8
10
−6
10
−4
10
−2
10
0
10
2
10
4
k
∗
Pe
−
1
2
E
k
(k
∗
)P
e
1 2
 
 
Fluorescein: 1 ml.min
−1
 96 s
Fluorescein: 2 ml.min
−1
 48 s
Fluorescein: 3 ml.min
−1
 32 s
Fluorescein: 4 ml.min
−1
 24 s
Colloids: 0.5 ml.min
−1
 192 s
Colloids: 3 ml.min
−1
 32 s
b
Ek (k
∗)Pe
1
2 = 70
(
k
∗
Pe
−
1
2
)
−1.1
e
−1.3
(
k
∗
Pe
−
1
2
)
Figure 2. a: Comparison of different spectra. b: Rescaled spectra Ek (k∗)Pe
1
2 plotted as a function of k∗Pe−
1
2 .
where L is the characteristic length of the Hele-Shaw cell (50 mm), U the mean flow velocity and D the mass diffusion
coefficient. In our experiment, the Péclet number is varied from 1.104 to 6.106 whether by considering different flow
rates (associated with different periods so as to keep the dimensionless pulse volume constant [1]), or different scalars
(therefore different diffusion coefficients). The resulting spectra are given in Figure 2a. We introduce dimensionless
wavenumber k∗ = kL, and we are able to collapse the experimental spectra by plotting Ek (k∗)Pe
1
2 as a function of
k∗Pe−1/2 (Figure 2b). Although our flow is quasi-bidimensional, we recover the same behavior as in Toussaint et al. [7]
for their numerical spectra of 3D chaotic advection. We obtain indeed the following scaling:
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At intermediate scales, the behavior is a −1.1 power-law, consistent with the Kraichnan theory [2] for a decaying scalar
(the −1 power-law corresponds to the stationary case). At smaller scales (larger k∗), we recover an exponential beha-
vior, which Pierrehumbert [3] explained by the existence of a strange eigenfunction of the scalar field [6]. Finally, the
dependance in Pe−1/2 (therefore in Sc−1/2) is consistent with the scaling of the Batchelor scalar dissipation scale.
[2, 3, 6]
References
[1] A. Beuf, J.N. Gence, P. Carrière, and F. Raynal. Chaotic mixing efficiency in different geometries of hele-shaw cells. International Journal of
Heat and Mass Transfer, 53(4):684–693, 2010.
[2] R.H. Kraichnan. Convection of a passive scalar by a quasi-uniform random straining field. J. Fluid Mech, 64(4):737, 1974.
[3] R.T. Pierrehumbert. Tracer microstructure in the large-eddy dominated regime. Chaos, Solitons & Fractals, 4(6):1091–1110, 1994.
[4] R.T. Pierrehumbert. Lattice models of advection-diffusion. Chaos: An Interdisciplinary Journal of Nonlinear Science, 10(1):61–74, 2000.
[5] F. Raynal, F. Plaza, A. Beuf, P. Carrière, E. Souteyrand, J.R. Martin, J.P. Cloarec, and M. Cabrera. Study of a chaotic mixing system for dna chip
hybridization chambers. Physics of Fluids, 16:L63, 2004.
[6] D. Rothstein, E. Henry, and JP Gollub. Persistent patterns in transient chaotic fluid mixing. Nature, 401(6755):770–772, 1999.
[7] V. Toussaint, P. Carriere, J. Scott, and J.N. Gence. Spectral decay of a passive scalar in chaotic mixing. Physics of Fluids, 12:2834, 2000.
